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The potential need for this Bethesda Conference was first
suggested by the 1980 Task Force on Prevention and Treat-
ment of Cardiovascular Disease in the Young, This Task
Force suggested that a workshop be convened to evaluate
the development of noninvasive instrumentation for ana-
tomic diagnosis and physiologic assessment in pediatric cat-
diology. In their subsequent review of that recommendation,
a subcommittee of the Cardiovascular Advisory Committee
of the National Heart, Lung, and Blood Institute discussed
this topic further witH Julian Hoffman, MD, Samuel Ka-
plan, MD, Madison Spach, MD and Aldo Castaneda, MD.
These advisors agreed that the subject was timely and sug-
gested that the workshop be implemented. Zena McCallum
of the Cardiac Diseases Branch of the National Heart, Lung,
and Blood Institute and David Field of the Americ~n College
of Cardiology did most of the work to make this meeting
possible. Through Zena McCallum's efforts, the Pediatric
Cardiology Committee of the American College of Car-
diology became involved and recommended to the College
that this would be an itnportant subject for a Bethesda Con-
ference. A Steering Committee was appointed and experts
in the field were invited. There was an enthusiastic response
to invitations and it was hoped that a fruitful conference
would ensue.
The objective of the conference was to evaluate the de-
velopment of noninvasive instrumentation for anatomic di-
agnosis and physiologic assessment in pediatric cardiology
and promote the utilization of new modalities in caring for
pediatric patients. The participants were encouraged to con-
sider possible future applications particularly useful for
studying children with various cardiovascular problems. In
addition, the financial aspects, including the cost-benefit
ratio of the various modalities, were to be considered in this
deliberation.
My role at the beginning of the conference was to attempt
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to delineate some of the problems in pediatric cardiology
for which noninvasive assessment is needed and give a brief
overview of current state of the art in terms of structural
and functional evalation.
State of the Art
What do we need to measure to estimate cardiovascular
function? Some of the important theoretidU and practical
aspects of estimation of ventricular function are listed in
Table 1. The relatively easily measured ejection fraction
and similar shortening or velocity variables are influenced
by ptelbad and degree of hypertrophy to some extent and
by afterload to a major extent. Thus, information regarding
myocardial contractile state cannot be derived directly from
ejection fraction without consideration of these variables.
The variables that theoretically measure ventricular mus-
cle function, velocity of unloaded muscle (Vmax) in the 1960s
and slope of end-systolic pressure/volume relations (Emax)
in the 1980s, suffer from difficulty of measurement and a
fairly wide range of "normal" values for comparing groups
of patients. Emax still may prove useful but does require
some intervention to increase or decrease preload and may
require sympathetic and parasympathetic blockade to obtain
a true estimation of ventricular muscle function.
For practical purposes, ejection variables remain quite
useful for estimating ventricular performance as long as one
is aware of the influences of an abhormal preload or after-
load. Repeat estimations with exercise or some other inter-
vention may also prove useful if normal standards for re-
sponse can be obtained.
Other measurements such as velocity of blood flow and
acceleration of blood flow also may prove useful for esti-
mation of ventricular function when loading conditions are
considered and normal values obtained at rest and possibly
with various interventions. Estimations of ventricular dis-
tensibility and filling characteristics represent an entirely
different area of diastolic ventricular function for which
normal data are meager and there is a great need for new
information in various disease states.
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Table J. Estimation of Cardiovascular Function
I. Theoretical considerations
A. Ventricular pump function determined by:
I. Preload
a) Approximated by end-diastolic volume (EDV).
b) Moderate influence on ejection variables such as ejection fraction, percent shortening of
diameters or areas, velocity of shortening.
2. Afterload
a) Approximated by systemic or pulmonary vascular resistance.
b) Major influence on ejection variables.
3. ? Hypertrophy
a) Concentric hypertrophy can increase ejection variables in the nonischemic heart with minimal
scarring, for example, in childhood aortic stenosis.
b) With severe chronic hypertrophy, ventricular fibrosis may progress such that a
compensatory increase in ejection variables no longer is possible.
4. Contractile state
a) Elusive quantity that can be defined as the force and velocity of contraction from a given
preload and afterload.
b) Probably represents intensity of interaction of Ca +' at the active myofilament sites.
c) Increased by catecholamines.
d) Usually reliably estimated by ejection variables if preload and afterload normal.
B. Ventricular function measurements theoretically independent of preload and afterload:
I. Vrna' or velocity of unloadeq m\lscle is a term derived from isolated muscle studies; impossible to
measure in human beings, wide variation in "normal" values of estimates of this variable.
2. Emax or slope of end-systolic pressure/volume relation; difficult to measure in human beings.
II. Practical considerations
A. Emax difficult to measure - requires at least two determinations of end-systolic pressure and
volume at different end-diastolic volumes. ') Sympathetic and parasympathetic blockade needed to
compare patient groups.
B. Ejection fraction (or other shortening variable) useful in most situations:
I. Must be interpreted in light of preload and afterload.
2. Normally increases with exercise - a reasonably good test of ventricular function when exercise
is possible.
C. Velocity of aortic Qr pulmonary blood flow or acceleration of flow may be useful when ventricular
loading conditions are considered.
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Technology for Optimal Assessment
Characteristics for optimal structural and functional as-
sessment in infants and children are outlined in Table 2.
The need is for a low cost, portable, risk-free, inexpensive
system to assess structure and function of the heart and
structure and blood flow in vessels with I mm or less re-
solving power. In addition, data collections should be rapid
and computer capabilties included in the system for pertinent
calculations at the bedside apd intensive care unit. Repeat
measurements during exercise or after other interventions
would be highly desirable. For all echocardiography ex-
perts, I have not just described a duplex Doppler-sector
scanner system, althoug\1 it certainly comes clostst to the
characteristics giv~n. Current problems with such systems
for pediatric patients still include, to some extent, resolu-
tion, accurate blood flow quantitation in different vessels,
proper echo windows in some patients, portability, marginal
quality images with exercise and cost. In addition, such
systems cannot as yet detect scar formation or ischemic
myocardium, measure coronary blood flow or high energy
phosphate and usually are not equippped for bedside
computations.
At this point, it is obvious that the system I desire is not
currently available and probably never will be. Several dif-
ferent modalities will be needed, but perhaps echocardi-
ography should stand as our reference standard at the present
for noninvasive data collection in children. One outcome
of this conference should be to find out how far we h'!ve
come in meeting the requirements outlined in Table 2 for
all the modalities discussed and what we can look for in the
future.
Case Studies Regarding Need for Noninvasive
Cardiovascular Assessment
It was my feeling that the best way to approach the need
for various noninvasive tests could be determined best by
keeping a diary of a typical day in the life of a pediatric
cardiologist at a medical center. The following is a list of
patient problems that arose in this situation and the possible
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Table 2. Structural and Functional Cardiovascular Assessment in Pediatric Patients
A. Technical considerations
I. Ability to view the heart and great vessels with multiple angled views.
2. Resolution capability 1 mm or less.
3. Equal near field and far field resolution capability.
4. Sampling rate comparable with 60 frames/s or higher.
5. Characterizations of flow and blood flow measurement capability in small (2 to 5 mm) and large 00
to 30 mm) vessels.
6. Capability to estimate pressure and valve gradients.
7. Operator interaction, computer processing and calculation capabilities built into system.
8. Capability for resolving alterations in myocardial histologic structure.
9. Coronary blood flow capabilities.
10. High energy phosphate determinations.
II. ? Digital encoding of information.
B. Practical considerations
I. Noninvasive; no needles, painless.
2. Rapid data collection; for example, while an infant is still for a short time.
3. Compact, portable; able to use in mUltiple locations including nursery and intensive care unit
settings.
4. Risk free.
5. Low cost.
6. High quality hard copy available immediately.
7. Ability to study patients at rest and during exercise or pharmacologic intervention.
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approaches to obtaining new information to aid in clinical
management.
Patient A: a 2 day old infant who is cyanotic (Fig.
1). Clinical examination and X-ray film indicated dextro-
cardia with probably an abnormal abdominal situs. This is
probably an asplenia syndrome. Two-dimensional echo-
cardiography is extremely useful in this situation, but for
Figure 1. Patient A. Posteroanterior chest film of a 2 day (2D)
old infant with dextrocardia and asplenia syndrome.
20:ASPLENIA
some reason we are not obtaining high quality echographic
data today. The infant needs a shunt to increase pulmonary
blood flow and preoperative information of importance would
be: pulmonary artery size and the presence or absence of a
confluence of right and left pulmonary arteries, presence or
absence of stenosis or atresia of the connections between
main and right or left pulmonary arteries, the site of the
aortic arch, the bronchial-pulmonary artery relation bilat-
erally, intracardiac anatomy and the presence or absence of
any obstruction to pulmonary venous return. Obviously,
much of this information can be obtained with radiography
and usually with echocardiography. However, these tech-
niques have limitations. Pulmonary artery anatomy in terms
of size and the presence of or absence of branch atresia or
stenosis is usually not accurately delineated on two-dimen-
sional echocardiography, although hints at such abnormal-
ities can be obtained from the size of the pulmonary arteries.
Anomalies of pulmonary venous return can usually be de-
lineated with echocardiography but the presence or absence
of obstruction is much more difficult, particularly in the
presence of decreased pulmonary blood flow. Finally, there
are patients in whom high quality echocardiograms cannot
be obtained to delineate all of this information. An alter-
native technique, such as nuclear magnetic resonance or
some type of computed axial tomographic scan, might solve
these problems for us. Obviously, logistics come in to play
in obtaining this type of information with those techniques
at present in a sick infant.
Patient B: a 2% year old who had repair of truncus
arteriosus in the first month of life (Fig. 2). She has a
loud systolic murmur of conduit stenosis and a diastolic
murmur suggestive of truncal insufficiency. The clinical
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Figure 2. Patient B. Posteroanterior chest film of a 2\12 year old
child who had repair of truncus arteriosus in the first month of
life. POSTOP = postoperative.
question of most relevance is when should the conduit be
replaced to preserve reasonably nonnal right ventricular
function. Doppler studies can certainly be useful in pre-
dicting a gradient, but one wonders about getting the Dop-
pler beam in the high velocity jet in the conduit. In addition,
Doppler studies also have the potential for estimating rea-
sonably well the degree of truncal insufficiency. At present,
radionuclide studies are reasonably good for estimating aor-
tic insufficiency and right and left ventricular function at
rest. Digital subtraction angiography with intravenous con-
trast could be useful for right ventricular function evalua-
tion, but such studies are difficult in small children. Despite
these tests, one is still left with the "art" of medicine in
attempting to detennine when this narrowed conduit should
be replaced as the second operation in a number of opera-
tions for this young child. The use of a number of different
modalities coupled with an appropriate clinical research de-
sign may add to our knowledge in this area over the next
5 to to years.
Patient C: a 1 day old infant with hydrops and in-
termittent supraventricular tachycardia (Fig. 3). Two-
dimensional echocardiography is very useful to rule out
structural disease and estimate ventricular function. Fetal
echocardiography was useful in this infant in detennining
whether or not intrauterine supraventricular tachycardia was
present. Doppler measurements of cardiac output could be
very helpful in detennining the effect of any rhythm dis-
turbance on systemic blood flow. In addition, this infant
had some right to left shunting and probable elevation of
pulmonary artery pressure. Estimation of pulmonary blood
flow by Doppler technique and estimation of right to left
shunt with a contrast echocardiogram can aid in delineating
_____1 DAY: SVT~""'-=="""':;;:;;;;;:I
Figure 3. Palient C. Posteroanterior chest film of a I day old
hydropic infant with intermittent supraventricular tachycardia (SYT).
the patient's degree of pulmonary vascular resistance ele-
vation and serve as a guide to vasodilator therapy. We could
use an easier, more portable method to monitor fetal rate
and rhythm than two-dimensional echocardiography. Even
repeated maternal echographic examinations could miss long
episodes of intrauterine fetal supraventricular tachycardia.
Patient D: a 5 day old infant who had a pulmonary
valvulotomy for critical pulmonary stenosis (Fig.
4). Postoperatively, he continued to have a large atrial right
to left shunt and remained markedly cyanotic. Was his right
to left shunting due to: I) residual severe pulmonary ste-
nosis; 2) abnonnal right ventricular distensibility; 3) residual
severe tricuspid insufficiency; or 4) infundibular pulmonary
stenosis? Detailed bedside detenninations of size and func-
tion of right and left ventricles, valve gradient, pulmonary
and systemic blood flows and degrees of regurgitation at
various levels would be extremely useful in the clinical
management of such a patient.
Patient E: a 2 week old, 1,800 g twin who has tricuspid
atresia with ventricular septal defect and pulmonary ste-
nosis (Fig. 5). Despite catheterization, we are unclear as
to how much of the pulmonary blood flow is from the patent
ductus which is long and tortuous and how much is through
the ventricular septal defect. Should the infant be transferred
back to a local hospital until he gets larger or is he truly
ductal dependent and will he become severely cyanotic with
ductal closure? The need here is for a noninvasive method
to estimate the degree of pulmonary blood flow across the
pulmonary valve in anterograde direction and pulmonary
blood flow which is through the tortuous ductus. This is a
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Figure 6. Patient F. Posteroanterior chest film of an II month
old child who had repair of an ostium primum atrial septal defect
OOASD). POSTOP = postoperative.
50: CPS
Figure 4. Patient D. Posteroanterior chest film of a 5 day (5D)
old infant who remained cyanotic after a closed pulmonary val-
vulotomy for critical pulmonary stenosis (CPS).
difficult problem and one with no solution using present
methodology.
Patient F: an 11 month infant who had repair of an
ostium primum atrial septal defect (Fig. 6). He has some
degree of mitral regurgitation postoperatively and residual
cardiomegaly. We would like information on his shunt and
the degree of mitral regurgitation from bedside studies.
Echocardiographic Doppler and radionuclide studies can help
us in this regard. Are they any better than the stethoscope
at this time? This is another question for our conference.
Patient G: a 15 month old child with transposition of
the great arteries, large ventricular septal defect, pul-
monary artery band and a recent atrial septeetomy (Fig
7). She also appears to have an overriding or straddling
tricuspid valve which is a most difficult problem for future
Figure S. Patient E. Posteroanterior chest film of an 1,800 g infant
with tricuspid atresia (TAT), ventricular septal defect and patent
ductus arteriosus.
1.8 KG: TAT
Figure 7. Patient G. Posteroanterior chest film of a 15 month old
child with transposition of the great arteries (TGA.), ventricular
septal defect and a straddling tricuspid valve (ABN TV.).
I~ MOS: TGA. ASH TV.
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intraoperative repair. We would like to monitor her with
noninvasive studies in terms of size of her right ventricular
chamber which appears to be somewhat diminished, pos-
sible progression of the tricuspid valve abnormality, the
degree of pulmonary blood flow, the site of the pulmonary
artery band to be sure migration and differential pulmonary
blood flow to one lung does not occur and size of ventricular
and atrial defects. Echocardiography has great potential to
do most of this, but at the site of the pulmonary artery band
this will be certainly difficult and the size of the right ven-
tricle at present is at most somewhat semiquantitative with
echo studies.
Patient H: a 17 year old girl who just had a large
fibrosarcoma resected from her tricuspid valve (Fig.
8). She has mUltiple pulmonary metastases and will need
chronic chemotherapy including cardiotoxic drugs. Fortu-
nately, her tricuspid valve is competent despite the atrial
resection and there appears to be no residual intracardiac
tumor. Echocardiographic and radionuclide studies can cer-
tainly be helpful in following her in terms of the effect of
chemotherapy on cardiac function. They are somewhat ex-
pensive. Is there a better way to follow her?
Patient I: a 2 month old infant with a severe cardio-
myopathy (Fig. 9). It seems as if research tools are needed
here. Can new echocardiographic equipment or perhaps nu-
clear magnetic resonance tell us something about the struc-
ture of the myocardium? What radionuclide studies are use-
ful in terms of delineating information that might be responsive
to steroid or other antiinflammatory medication?
Figure 8. Patient H. Posteroanterior chest film of a 17 year old
patient who recently had a large fibrosarcoma resected from her
tricuspid valve.
Figure 9. Patient I. Posteroanterior chest film of a 2 month old
infant with a congestive cardiomyopathy (CCM).
Patient J: a 9 year old child who just had repair of
tetralogy of Fallot and take-down of a Blalock-Taussig
shunt (Fig. 10). He has done well. From ausculation and
examination of his X-ray film, one would predict an ex-
cellent result. What studies are needed for long-term follow-
up? We would like, at some point, to administer an exercise
test and evaluate right and left ventricular function and es-
timate the degree of severity of residual pulmonary stenosis,
pulmonary insufficiency or cardiac dysfunction. Probably
echocardiographic Doppler and radionuclide studies will all
be useful in this regard. What are the cost-benefit ratios for
each?
Fi~ure 10. Patient J. Posteroanterior chest film of a 9 year old
patient after recent repair of tetralogy of Fallot (T/F).
9YR: POSTOP TtF
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Patient K: a 5 month old infant who just had a Sen-
ning repair (Fig. 11). He appears to be doing well. There
is some mild edema now early postoperatively. Doppler and
contrast echocardiography are very useful in delineating
systemic venous obstruction. What about pulmonary venous
obstruction? It is a rare problem, but can we diagnose it
noninvasively and delineate the exact site of narrowing?
This child also appeared to have some residual congestion
in the right upper pulmonary lobe area which may represent
right pulmonary vein narrowing. How can we noninvasively
evaluate that problem? What are the best methods to evaluate
long-term function of the right and left ventricles? How
often should these studies be used, or are they even nec-
essary, for example, in the asymptomatic patient who wants
to play soccer?
Patient L: a 5 week old infant who was operated on
for critical aortic stenosis and has had a very long post-
operative course (Fig. 12). She has just been weaned off
dopamine and isoproterenol. Noninvasive evaluation of re-
sidual cardiac dysfunction, residual aortic stenosis and re-
sidual mitral insufficiency are all extremely useful and can
be performed reasonably well with echocardiographic and
Doppler studies. Can we do better than these?
Patient M: a 1 month old infant with severe mitral
stenosis, small left ventricle and ventricular septal defect
(Fig. 13). An atrial septal defect has been surgically cre-
ated, but she appears to still have severe heart failure. Is it
caused by ventricular dysfunction or increasing pulmonary
blood flow? Doppler studies might be useful here. Is the
atrial defect large enough? Two-dimensional echocardiog-
raphy should be extremely useful to solve this problem. Are
there better ways?
Figure 11. Patient K. Posteroanterior chest film of a 5 month old
infant after a recent Senning operation (POSTOP SENNING) for
transposition of the great arteies.
5 MOS: POSTOP SENNING
5WK: AS
Figure 12. Patient L. Posteroanterior chest film of a 5 week old
infant who had valvulotomy performed for critical aortic stenosis
(AS) at age 3 days.
I haven't finished rounds yet, but perhaps these patients
represent enough clinical problems for us to consider as we
begin to look at various instrumentation and how it could
be useful to help solve both current clinical problems and
aid in important future research.
Figure 13. Patient M. Posteroanterior chest film of a I month old
infant with mitral stenosis (MS), ventricular septal defect and small
left ventricle.
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What does the pediatric cardiologist want to know about
his patients? The structural anatomy of the congenital defect
certainly comes first. There have been enormous advances
in two-dim~nsional echocardiography such that most struc-
tural defects can be imaged quite well with this modality.
Various types of computed axial tomographic scans or nu-
clear magnetic resonance may prove useful for details that
are unavailable with echocardiography in its present state
or for patients in whom detailed echocardiograms appear to
be impossible.
What other information do we want? Pulmonary and
systemic blood flows and flows to each lung can be ex-
tremely useful. Doppler studies have great potential in pro-
viding this information. Improvements in reproducibility
and sensitivity are needed,
We would also like to know about right and left ven-
tricular size and function. Echocardiography is certainly
quite useful for left ventricular size and function, but is less
quantitative for right ventricular studies. Radionuclide stud-
ies and digital subtraction angiography can be useful in this
regard as are, potentially, computed axial tomography and
nuclear magnetic resonance. The capability to repeat the
functional evaluation during exercise or some type of phar-
macologic intervention would also be very useful. The more
portable systems certainly are the more useful for the pe-
diatric patient.
How do we estimate pressure noinvasively? When ste-
nosis is present, it appears that gradients can be estimated
with Doppler echocardiography. When gradients are not
present, it becomes impossible, at present, to estimate right
ventricular or pulmonary artery pressure with a reasonable
degree of accuracy. Such a capability would be extraordi-
narily useful.
Finally, myocardial blood flow and high energy phos-
phate metabolism are extremely important variables in terms
of a patient's response to the congenital lesion and partic-
ularly in terms of the postoperative results. Noninvasive
imaging with these modalities obviously would be of great
interest to the cardiologist.
How many of these measurements are really feasible and
how many are on our "wish list?" It is hoped that this
conference will provide answers to these questions and a
look into the future.
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